Micrococcal nuclease digestion of intact chicken erythrocyte nuclei is shown to result in the formation of core nucleoprotein particles containing about 140 base pairs of DNA. These core particles, which are almost entirely devoid of histones fI and f2c, are derived from transient nucleoprotein particles containing an average of approximately 180 base pairs of DNA. Oligomers of these latter particles may be isolated after brief nuclease digestion. (2) . The latter has been proposed by Kornberg (9) to be the basic DNA repeating unit associated with an eight-histone complex. We will show that the eight-histone complex is associated with 140 base pairs of DNA, and that the remaining DNA in the subunit is especially nuclease-sensitive.
tected from extensive digestion (1); (b) the products of digestion first appear as multiples of some average basic repeat size, on the order of 200 base pairs (2, 3) ; and (c) nucleaseresistant nucleoprotein particles can be isolated from such digests (3, 4) . These particles, which have been called "PSparticles" (4) , are globular objects about 80 A in diameter, each containing about 100,000 daltons of protein (5) ; they sediment at 11 S (5, 6) . The size of the protected DNA fragment therein was initially reported to be about 110 base pairs; more recent studies indicate a value of about [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] base pairs (6) . Van Holde et al. (7) suggest that the difference between the 200 base pair subunit and the 140 base pair particle can be accounted for by the presence of a "spacer" DNA which is relatively open to nuclease digestion and links adjacent compact "PS particles". Van Holde et al. proposed a model for the arrangement of DNA in the nucleaseprotected regions wherein the protected DNA piece is tightly packaged by wrapping around a central protein core composed of four of the five major classes of histones (8) .
While this model has a number of features in common with that proposed by Kornberg (9) , it differs in the inclusion of spacer regions, of varying length, between particles.
In this paper we attempt to further elucidate the relationship between nucleoprotein particles, which we have isolated (containing [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] base pairs of protected DNA), and the average DNA repeat unit of 205 I 15 base pairs (3) first reported by Hewish and Burgoyne (2) . The latter has been proposed by Kornberg (9) to be the basic DNA repeating unit associated with an eight-histone complex. We will show that the eight-histone complex is associated with 140 base pairs of DNA, and that the remaining DNA in the subunit is especially nuclease-sensitive.
MATERIALS AND METHODS
Isolation and Digestion of Erythrocyte Nuclei. Blood was obtained from adult White Leghorn chickens by cardiac puncture in the presence of heparin. After centrifugation at 3000 X g for 10 min, the plasma and buffy coat were removed. The erythrocytes were washed twrice with an isotonic saline solution and frozen at -600 until needed. The frozen erythrocytes were thawed at 370 in an equal volume of 0.15 M NaCl, 0.015 M Na citrate, pH 7.2 (saline/citrate) and centrifuged at 3000 X g for 10 min; the nuclear pellet was resuspended in 0.25% Nonidet P-40 in saline/citrate. In some experiments 1 mM phenylmethane sulfonyl fluoride was added to inhibit protease action (15) . The nuclei were repelleted, washed with saline/citrate and resuspended in 0.3 M sucrose, 0.75 mM CaCl2, 10 mM Tris-HCl, pH 7.2 at a concentration of 2 X 108 nuclei per ml. Digestion of the nuclei by micrococcal nuclease (Worthington) was carried out at 370 with 125 units of nuclease per ml of nuclei suspension. The digestion reaction was terminated by making the solution 10 mM in EDTA, 0.15 M NaCl, and 1% sodium dodecyl sulfate (NaDodSO4). After pronase treatment (0.5 mg/ml) for 4 hr at 370 the DNA was extracted by an NaDodSO4-phenol procedure (16) .
When the digested chromatin was to be fractionated on an agarose A-Sm column, the reaction was terminated by the addition of EDTA to 10 mM and cooling on ice. After centrifugation at 12,000 X g for 15 min, the nuclei were resuspended in 10 ml of 10 mM Tris-HCI, pH 7.5, 0.7 mM EDTA and disrupted by homogenization for about 1 min at a medium setting on a Virtis homogenizer. The nuclear debris was pelleted at 10,000 X g for 15 min. The supernatant was made 7% in sucrose and applied to a Bio-Rad A-Sm column, 90 X 2.5 cm, equilibrated with 10 mM Tris-HCl, 0.7 mM EDTA pH 7.5 at 50 following Shaw et al. (6) .
Redigestion of Agarose Column Fractions. The digested chromatin from the A-5m column was combined into three pools corresponding to 30 ).
Gel electrophoresis of single-stranded DNA on 6% polyacrylamide-formamide gels followed methods described (18, 19) , using 0.02 M phosphate (pH 6.9) as the reservoir buffer. Slab gels 130 mm long X 2 mm were run at 10 mA, 150 V for 12-13 hr. Gels were stained with toluidine blue as above for scanning.
Polyacrylamide gel electrophoresis of proteins followed either the method of Laemmli (20) Size progression of DNA during a time-digestion of erythrocyte nuclei. The number of base pairs of DNA at "dimer", "trimer", and "tetramer" peak maxima are plotted against time of digestion. Appropriate corrections were made for the nonlinearity of gel behavior above 290 nucleotide pairs on 3.5% gels (0); and above about 550 nucleotide pairs on 2.5% gels (-).
tracted histones (21) Fig. 1 shows the size distribution of the DNA remaining after different digestion times. As has been reported (2, 3), partial digestion gives rise to a series of DNA bands. We will refer to the bands (reading right to left) as "monomer," "dimer," "trimer," etc. Unique to this work is the inclusion (as shown in Fig. 1B ) of Hae III restriction fragments of PM2 as internal "marker" DNAs. The PM2 DNA fragments have been chosen to correspond roughly to monomer and dimer sizes in the nuclear digest. Having available a number of such well-characterized DNA fragments that bracket the region of interest makes it possible to determine at each time-point the exact size of monomer, dimer, and trimer DNA. A plot of logarithm of molecular weight against mobility is linear from below 100 base pairs to 300 base pairs for 3.5% gels and from about 130 base pairs to 550 base pairs for 2.5% gels.
As is evident in Fig. lA and B, the size of the DNA oligomers decreases with increasing time of digestion. This change is expressed more directly in Fig. 2 , where the peak positions of dimer, trimer, and tetramer are graphed versus digestion time. The monomer has not been included in Fig.  2 because it behaves differently; rather than a shift in peak position, there is a continual erosion of a high-molecularweight shoulder on the monomer peak. The monomer band becomes more homogeneous during the first 10 min of digestion. At this point the monomer DNA electrophoreses as a narrow band (with some fine structure) centered at about 140 base pairs. This we believe represents a nuclease-resistant "core" of the subunit, remaining after digestion of "spacer" DNA.
The behavior of the oligomeric (dimer, trimer, and tetramer) DNA strongly supports this view. The size of the dimer, extrapolated to zero time (Fig. 2) (23, 24) .
Consider the behavior of dimer and trimer at long digestion times (Fig. 2) . We would predict "old" dimers to consist of two core particles plus one internal spacer. Such a structure should contain about 320 base pairs, in quite good agreement with the observation. Similarly, "old" trimer particles should have three cores plus two spacers; this would be 500 base pairs, in fair agreement with the limited observations. Observation of trimers becomes difficult at long times, and that of tetramers impossible because they disappear as the digestion proceeds. However, both dimers and trimers approach limiting sizes appreciably lower than the predicted values. This can arise from two causes. First, there may be some digestion into dimers and trimers at very long times, as is observed with monomers. Second, it is possible that those dimers and trimers that survive to long times represent a class in which the spacer is shorter than the average, and hence better protected.
It is clear from Fig. 1A mer nucleoprotein subunits separated from the multimer subunits on an A-5m column (Fig. 3) (6) . The sedimentation coefficients of selected fractions are indicated in Fig. 3 . The multimer peak has a s2O, w 44 S corresponding roughly to that of sheared chromatin. The chromatin in this peak has been little degraded during the initial 10-min digestion, as can be seen also from the low mobility of the DNA (Fig.  4A) . As Fig. 4B shows, this multimer fraction contains a full complement of histones, including fi and f2c.
The intermediate fractions (Fig. 3) contain mainly the smaller oligomers of the basic monomer [ Fig. 4A(c) ]. They also contain histones fi and f2c, although in reduced amounts [ Fig. 4B(c)] .
Fractions from the monomer region [(d), (e), and (f) of Fig. 3 ] contain almost exclusively monomer DNA (Fig. 4A) . This DNA appears to consist of at least three closely spaced components, with sizes of about 150, 135, and 115 base pairs. These DNA size classes are also visible in the time course of the digestion (Fig. 1A and B) . The nucleoprotein particles containing them must be very similar, for s20,w varies only from 11.3 S to 10.6 S from fractions (d) to (f). The monomer nucleoprotein particles contain very little fi and f2c, but a full complement of all other histones (Fig. 4B) . This indicates that fi and f2c are either not attached to the monomer core particles, or are so especially labile that they may be removed during elution of the monomer particles from the column.
The molecular weight of the peak fraction (e) was determined by sedimentation equilibrium, and was found to be 196,000. Since the DNA weight is about 87,000 daltons in this fraction, there must be 109,000 daltons of histones. As Fig. 4B shows, the histones f2b, f2a2, f2al, and f3 are present in nearly equal quantities, as determined by quantitative electrophoretic comparison with the full histone complement of whole chromatin. Thus there are on the average two copies of each histone, since this would total to 108,000 daltons.
Cell Biology: Shaw et al. The histone distribution is consistent with our model (8) (5, 6) . We now wish to examine this point more closely, and ask whether there might be any differences in the size of the DNA fragments produced by further treatment of erythrocyte multimers, oligomers, and monomers with nuclease.
The three pools of fractions indicated in Fig. 3 were subjected to redigestion with nuclease at a constant nuclease to DNA ratio. The DNA was then extracted and applied to 3.5% polyacrylamide gels (Fig. 5) . The multimer pool, upon redigestion with micrococcal nuclease, gave rise to a dimer at zero time of 360 base pairs and a trimer at zero time somewhat greater than 520 base pairs. Half of the former value is 180 base pairs; one-third of the latter 173 base pairs. Thus, the results are in good agreement with those found upon digestion of nuclei. One conclusion that can be drawn FIG. 6 . Single-strand DNA from digestion of monomer nucleoprotein "core"-particles with DNase I (on 6% polyacrylamideformamide gels). The control sample (no nuclease) and the PM2 digest were also run here as single-strand DNA. from this comparison is that digestion of chromatin isolated from nuclei can give rise to the same type of periodic DNA pattern as does chromatin digestion in situ. This has also been observed by others (23) (24) (25) (26) .
Although the overall pattern of the digestions A, B, and C results in a qualitatively similar distribution of DNA fragments at long times (Fig. 5) , upon closer comparison of the three digested pools, more detailed information emerges:
(i) Digestion of oligomers reveals a new intermediate. There appears transiently during the time course of digestion a DNA fragment, labeled A', which at extrapolation to zero time is on the order of 180-190 base pairs. This A' band is most clearly seen in Fig. SB (30-sec digestion) . We find this band to be most clearly resolved during the early stages of redigestion of the oligomer (intermediate) fraction. It corresponds roughly to the "zero time" monomer deduced from digestion studies of whole nuclei (Fig. A) . We believe that it represents the intact monomer, including portions of spacer, and that it has only a transitory existence during nuclease digestion.
(ii) Monomer particles contain several major size classes of nuclease-resistant DNA. Three main monomer DNA bands arise in the course of the digestion process (Fig. 5) . Band A (150 I 5 base pairs) appears first, then band B (135 4 5 base pairs), followed by band C (about 115 i 10 base pairs). Apparently bands B and C arise sequentially at the expense of band A (Fig. 5) . The same phenomenon occurs during the digestion of nuclei (see Fig. 1A ). A simple explanation would be that the DNA in band A contains two or more nuclease-susceptible sites near its termini; the removal of these fragments leads to the formation of bands B and C.
(iii) Submonomer fragments can arise from degradation of monomer particles. Axel et al. (27) and Weintraub and Van Lente (28) reported that a micrococcal nuclease limit digestion of duck reticulocyte and chicken erythrocyte chromatin gave rise to a reproducible pattern of DNA "submonomer" fragments which were smaller than monomer bands. We observed a similar pattern with 1-hr digestions as in Fig. 1 . It was of interest to determine if digestion of our isolated nucleoprotein particles could also give rise to these smaller DNA fragments. That this is so is seen in Fig. 5C , which depicts digestion of a monomer fraction nearly free of 508 Cell Biology: Shaw et al.
dimer-sized DNA. After redigestion, these monomer 11S particles give rise to the same submonomer DNA fragment pattern as do digestions of whole nuclei (Fig. 1) and of multimer 40S chromatin particles (see Fig. 5A ). Therefore submonomer fragments of DNA (i.e., those pieces shorter than 115 base pairs) arise at least in part from digestion within monomer subunits, and need not represent different classes of monomer subunits.
Quantitative differences in the digestion patterns of multimers, oligomers, and whole nuclei (see Figs. 1A and 5) could result from variations in the spacing between monomer particles, or from some specific interaction between two or more particles (as mediated by the presence of lysinerich histones, covalently modified histones, or nonhistone proteins).
DNase I Digestion of the Monomeric Chromatin Subunit Yields DNA Fragments That Are Multiples of 10 Base Pairs. Noll (29) has reported that DNase I digestion of chromatin in situ gives rise to single-stranded DNA fragments which differ by multiples of 19 bases; this suggests that DNase I cleaves within the subunit. We report here that DNase I digestion of monomeric chromatin 11S particles that have been obtained from micrococcal nuclease digestion gives rise to a similar set (Fig. 6 ) of single-stranded DNA fragments from about 20 to 140 base pairs. This is evidence that the 140 base pair monomer particle is the source of the single-strand DNA pattern, thus further suggesting that there is a regularity to the organization of the DNA within the core particle itself.
A further indication of the integrity of the DNA within the core particles is also shown in Fig. 6 . The curve labeled "control" is monomer DNA run as single-strand fragments on a denaturing gel. The fact that the average size of the single-strand pieces is about 130 bases, as judged by comparison with denatured PM2 fragments, demonstrates that there are very few single-strand nicks within the protected DNA of the monomer particle which was derived from partial micrococcal nuclease digestion.
DISCUSSION
These experiments clarify the relationship between the "subunit" of about 200 base pairs reported by some workers (2, 3, 9) and the "PS-particles" or "v-bodies" found by others (4) (5) (6) (7) (8) (10) (11) (12) (8) . These core particles have a molecular weight of about 200,000, and carry a full complement of all histones except the lysine-rich fl and f2c. Their properties are quite similar to those reported earlier for "PS particles" (5, 6) . Their anhydrous diameter is calculated to be about 76 A, in good agreement with results found for v-bodies (12) .
Since all of the protein associated with the 180 base pair subunit (excepting fi and f2c) is contained in the 140 base pair core particle, the existence of a spacer region, averaging about 40 base pairs is deduced. The change in size of the DNA of oligomer particles during digestion supports this inference. Similarly, the appearance of chromatin in a number of electron microscope studies (7, (10) (11) (12) (13) (14) , in which compact beads alternate with thin filaments of varying length, is entirely consistent with this model. However, we feel that the present estimate of about 40 base pairs in the spacer is a more accurate result than the previous estimate (7), which was based on a small number of doublet particles. While it is quite likely that differences in ionic environment will lead to either extension or folding of the spacer region, this does not detract from the fundamental distinction between core particles and intercore spacer regions.
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